The circadian rhythm of melatonin output displayed by chick pineal cells in static culture damps rapidly in constant red light (RR). This can be seen in the first cycle following a switch from a cycle of 12 hr white light (L) and 12 hr red light (R) to RR. Melatonin output is higher during the "day" in R than it is in L, but higher that next night (in R) after daytime L than after daytime R. This effect might be due entirely to the entraining effect of L. Alternatively, the higher nocturnal output after daytime L could be related to the acute suppression caused by L; it might be a "rebound" phenomenon. These alternative hypotheses differ in their predictions for the effects of norepinephrine (NE) and pertussis toxin (PT). Previous results dissociated the acute and entraining effects of L: PT blocks the acute effect but not the entraining effect of L. NE mimics the acute effect of L (and is blocked by PT), but not the entraining effect. If L prevents damping entirely by entrainment, then NE should not mimic and PT should not block this same-cycle effect of daytime L on nocturnal melatonin output. However, the present research found that NE did mimic and PT did block this effect, indicating that the ability of L to prevent damping is mediated by a same-cycle "rebound" following L's acute inhibition of melatonin production. Furthermore, NE enhanced the "rebound" effect of daytime L, and cycles substituting NE for L were effective in driving the melatonin rhythm. Lowering extracellular potassium did not induce a "rebound," and adding exogenous melatonin did not prevent one. The difference between nocturnal melatonin synthesis after daytime R and that after daytime L or NE implies regulation of coupling between the output of the circadian pacemaker and melatonin production. These results also suggest a role for NE in regulating and maintaining the expression of the melatonin rhythm.
Production and release of the pineal hormone melatonin in vivo is rhythmic; it goes up at night and down in the daytime (Binkley, 1981) . Like virtually all such rhythms, the cycle of melatonin synthesis and release is generated by an endogenous pacemaker and regulated by light (L) (Takahashi and Zatz, 1982a) . In contrast to the rat pineal, the chick pineal remains both rhythmic and photosensitive in vitro, even in dispersed cell culture (Deguchi, 1979a) . Circadian pacemakers (Deguchi, 1979a; Kasal et al., 1979) , photoreceptors (Wainwright and Wainwright, 1980; Deguchi, 1981 ) , and the mechanisms for regulated melatonin production all reside within the gland. Melatonin production in vitro continues, &dquo;spontaneously,&dquo; to go up at night and down in the daytime, and this rhythm persists for several cycles even in constant red light (RR) (Zatz et al., 1988) or constant darkness (Robertson and Takahashi, L has three apparent effects on the melatonin rhythm displayed by dispersed chick pineal cells in static culture: (1) acute reduction in amplitude, (2) entrainment of the underlying pacemaker, and (3) prevention of damping (Zatz et al., 1988) . Here, the &dquo;acute&dquo; effect of L refers to the rapid reduction in melatonin output seen whenever pineal cells are exposed to L (relative to remaining in red light [R] ). This is closely related to L's ability to lower cyclic adenosine monophosphate (cAMP) levels and serotonin-N-acetyltransferase activity (Deguchi, 1979a; Takahashi and Zatz, 1982b) . The &dquo;entraining&dquo; effect of L refers here to the ability of L pulses (in otherwise RR) to change the phase of the melatonin rhythm in subsequent cycles, relative to the phase of the rhythm displayed by the control cells in RR. Such phase shifts are themselves a function of the phase of the rhythm at the time the L pulse is given (phase dependence) and reveal the ability of L to regulate the underlying pacemaker. Phase shifting is closely related to the ability of lighting cycles to determine the period and phase of the pacemaker and of the melatonin rhythm. The third effect refers to one of the differences between the melatonin rhythm in RR and in a cycle of 12 hr L and 12 hr R (LR 12:12). The rhythm of melatonin output consistently damps more rapidly in RR (or constant darkness) than in LR. In successive cycles, the peaks of melatonin output rapidly become lower and the troughs higher, until the rhythmicity is apparently lost. Relative to RR, the peaks in LR are higher and the troughs lower, and the rhythm is maintained without diminution (in some experiments) or for more cycles (in all experiments).
The nature, even the number, of mechanisms by which L regulates melatonin production and its rhythm in chick pineal cells remains to be determined. Here, I describe experiments that sought to determine whether the mechanisms by which L prevents damping are more closely related to those involved in L's acute effect or to its entraining effect on the melatonin rhythm. These experiments may also bear on issues of coupling between the pacemaker and overt rhythms in circadian systems, and on the role of norepinephrine (NE) in the circadian regulation of avian pineal melatonin production.
Previous results strongly suggest that the acute and entraining effects of L are not mediated by the same mechanistic pathway (Zatz and Mullen, 1988a) . Pertussis toxin (PT), which interferes with the function of certain guanosine triphosphate (GTP)-binding proteins that can (GT) or do (Gi) inhibit adenylyl cyclase activity (Ui et al., 1984; Stryer and Bourne, 1986; Gilman, 1987) , blocked the acute effect of L, but not its entraining effect. NE mimicked the acute effect of L on melatonin output, but not its entraining effect (Zatz and Mullen, 1988b) . PT also blocked the acute effect of NE. Both L and NE acutely lowered cyclic AMP levels (Takahashi and Zatz, 1982b) . Forskolin, which stimulates cyclic AMP synthesis, or 8-bromocyclic AMP, a cell-permeable, nonhydrolyzable analogue of cyclic AMP, stimulated melatonin output, but failed to cause phase shifts in the melatonin rhythm (Zatz and Mullen, 1988c) . Taken together, these results suggested that the acute effect of L converges with that of NE on the regulation of cyclic AMP levels and, consequently, on the regulation of melatonin synthesis and release, but differs from the mechanistic pathway by which L regulates (entrains) the pacemaker.
The ability of L to prevent damping might be due entirely to the entraining effect of L; the period of the rhythm is shorter in RR than in LR, bringing more of the output into the &dquo;day&dquo; sample and less into the &dquo;night&dquo; sample. The entraining effect of L would also reduce the spread and lowering of &dquo;nighttime&dquo; melatonin output caused by divergence of phase in the population of oscillators present in each well (Robertson and Takahashi, 1988) . Alternatively, the higher nocturnal output after daytime L could be related to the acute suppression caused by L; it might be a &dquo;rebound&dquo; phenomenon. These alternative hypotheses differ in their predictions for the effects of NE and PT. If L works entirely by entrainment, then NE should not mimic and PT should not block this same-cycle effect of daytime L on nocturnal melatonin output. If, on the other hand, L prevents damping via its acute effect, distal to the pacemaker, then NE should mimic and PT should block the rebound in melatonin output after suppression by L.
MATERIALS AND METHODS

PINEAL CELL CULTURE
White Leghorn chicks were received 0-2 days after hatch from Truslow Farms (Chestertown, MD). Pineal cells were dispersed in trypsin and plated in modified McCoy's 5A Medium (GIBCO 380-2230) containing 25 mM HEPES buffer, L-glutamine, penicillin, streptomycin, 10% heat-inactivated fetal bovine serum, and 10% chicken serum as described previously (Zatz et al., 1988) . Each 24-well plate had cells in groups of four wells (one to four groups per plate). Experiments used cells from up to 100 glands in 60 wells containing about 106 cells/well (range among experiments, 0.8-1.2 x 106 cells/well). Cells were fed by exchange of medium at least daily. Cycles are numbered successively from the day of plating (cycle 1), each cycle starting at the time of onset of L in the original lighting schedule. Cells were maintained in the plating medium through cycle 3. On day 4 they were switched to the same medium without added serum and with an additional 10 mM KCI added. The effects off feeding schedule, media, sera, and potassium were described previously (Zatz et al., 1988) . t
LIGHT CYCLES AND DRUGS ,;
Cells were maintained under 5% C02 in air in tissue culture incubators containing red lights, white lights, and timers as described previously (Zatz et al., 1988) . They were all exposed to a cycle of 12 hr R and 12 hr L (LR 12:12) through cycle 5. In this schedule, L acts as &dquo;day&dquo; and R acts as &dquo;night.&dquo; In most experiments, media were changed and collected for assay at 12-hr intervals corresponding to &dquo;day&dquo; and &dquo;night&dquo; in the entraining cycle. Actual lighting conditions varied from the start of cycle 6 onward: Some cells were switched to RR before &dquo;expected&dquo; onset of L at the start of day 6; others were exposed to 12 hr L at the &dquo;expected&dquo; time in cycle 6 and then switched to RR; and still others remained in LR to the end of the experiment. In one experiment, cells were switched to RR and media were changed and collected at 4-hr intervals.
Norepinephrine bitartrate (NE), melatonin, and vasocative intestinal peptide (VIP) were obtained from Sigma (St. Louis, MO). Forskolin was purchased from Calbiochem (San Diego, CA), and PT (islet-activating protein) from List Biological Laboratories (Campbell, CA). Nitrendipine (NTR) was a gift from Dr. A. Scriabine, Miles Institute for Preclinical Pharmacology (New Haven, CT) . NE was dissolved in 10 mg/ml ascorbate, filtered, and diluted into medium to give a final concentration of ascorbate of 0.1-0.01 mg/ml. Forskolin, melatonin, and NTR were dissolved in alcohol and diluted into medium to give a final concentration of 0.1% alcohol. PT was used in accordance with the vendor's instructions. McCoy's 5A medium contains about 0.03 mM tryptophan (of which more than half is contributed by the Bacto-peptone, a proprietary nutrient digest, which it contains). Cells were exposed to [14C]tryptophan for 24 hr before the start of timed collections. Different experiments used 0.38-0.48 /-LCi/ml present from day 4. When cells were fed daily, they received 1 ml/well. When media were collected for assay of [14C]melatonin at 4or 12-hr intervals, 0.5 ml was used per well. Media were collected into polypropylene test tubes containing 0.05 ml of an indole carrier mix, extracted into 5 ml chloroform, and backwashed with acid and base as described previously (Zatz et al., 1988) . Three milliliters of the final chloroform phase were transferred to scintillation vials, dried, and counted.
RESULTS
Damping could be seen in the first cycle following the switch from LR to RR (Fig. 1 , cycle 6). Melatonin output was higher during the &dquo;day&dquo; in the RR controls (group 1) than it had been (cycle 5), but lower during the &dquo;night.&dquo; In cycle 7, the controls no longer showed a &dquo;day&dquo;-&dquo;night&dquo; difference in melatonin output. Exposure to 12 hr daytime L (group 2, Fig. lA) prevented these effects in cycle 6 and postponed them to cycle 7. NE at 3 x 10-g M, a concentration chosen to give inhibition similar to that seen with L, mimicked the effects of L (Fig. 1B ). NE lowered &dquo;daytime&dquo; melatonin output while present, and increased &dquo;nocturnal&dquo; melatonin output when removed. When cells were exposed to both L and NE (group 4, Fig.  1C ), both the &dquo;daytime&dquo; decrease and the subsequent &dquo;nocturnal&dquo; increase in melatonin output were enhanced.
The effect of NE was not due to entrainment. Previous experiments showed that 4-hr pulses of NE failed to induce phase shifts in subsequent cycles (Zatz and Mullen, 1988b) . Figure 2 shows the effect of 12-hr &dquo;daytime&dquo; NE on the amplitude and phase of the melatonin rhythm in RR. The concentration of NE used ( 10-~ M) was higher than that used in Figure   1B . There was a marked inhibition in melatonin output in the presence of NE; rapid recovery and then increased output upon its removal; and no effect on phase in subsequent cycles.
Despite its inability to cause phase shifts, NE, like L, could drive and maintain the melatonin rhythm (Fig. 3 ). NE was essentially as effective as L, and the combination (L + NE) was most effective. In this experiment, effects on &dquo;day&dquo;-&dquo;night&dquo; differences were evident, but 24-hr output fell in successive cycles for all groups and was not greater under cyclical conditions than in RR. In six experiments comparing LR to RR (including the one FI~~RE I . Effects of 1 2 hr L , norepinephrine (NE) , or L + NE on damping of the melatonin rhythm. FIGURE 1. Effects of 12 hr L, norepinephrine (NE), or L + NE on damping of the melatonin rhythm. Cells were maintained in LR 12:12 through cycle 5. Groups differed only in conditions during the &dquo;day&dquo; in cycle 6. Media were collected at 12-hr intervals corresponding to &dquo;day&dquo; and &dquo;night&dquo; in the original lighting schedule. The control group (1) was switched to RR prior to the start of cycle 6. One group (2) was exposed to daytime L (open bars) in cycle 6 and then switched to RR. Another (group 3) was switched to RR prior to cycle 6, but was exposed to 3 x 10-g M NE (hatched bar) during the &dquo;day&dquo; in cycle 6. The last group (4) was exposed to both L and NE (diagonal bar) during the &dquo;day&dquo; in cycle 6 and then switched to RR. Control and L are compared in A, control and NE in B, and control and L + NE in C. Data are means ± SEM of four wells. Blanks (n = 8, not subtracted) were 1.2 ± 0.07, in the units used, and e4C]tryptophan was 0.42 VLCi/ml. FIGURE 2. Effects of 12 hr NE on amplitude and phase of the melatonin rhythm. Cells were maintained in LR 12:12 though cycle 5 and switched to RR. One group was exposed to 12 hr NE (10-7 M) in R from 0 to 12 hr after &dquo;expected&dquo; onset of L in cycle 6. Media were collected and replaced at 4-hr intervals. Data are means ± SEM of four wells, shown at time of collection. Blanks (n = 8, not subtracted) were 1.2 ± 0.7, and ['4C]tryptophan was 0.43 liCi/ml. shown), 24-hr output was clearly greater in LR than RR in three, slightly greater in one, and not greater in two. It is therefore uncertain whether total output, or just amplitude, is enhanced in LR.
Previous results indicated that PT could block the acute effect of L, including that of 12 hr &dquo;unexpected&dquo; L at night, but not its entraining effect (Zatz and Mullen, 1988a) . Constant PT also reduced amplitude in LR. PT also blocked the inhibitory effect of nocturnal NE (Zatz and Mullen, 1988b) . Here the effect of PT on the increase in nocturnal melatonin output, after daytime L or NE, was tested (Table 1) . PT was added 12 hr prior to, and during, exposure to R, L, or NE (in R) during the &dquo;day&dquo; of cycle 6. The increase seen after daytime L was clearly blocked by PT (compare groups 1 vs. 2 and 4 vs. 5 on &dquo;night&dquo; 6). Blockade after NE (compare groups 1 vs. 3 and 4 vs. 6) was masked by the high output of group 6 (see &dquo;night&dquo; 5) in PT. Such increases upon exposure to PT (as well as their variability) were noted previously (Zatz and Mullen, 1988a) . Examining the ratio of nocturnal outputs (night 6 to night 5) unmasks the essentially uniform blockade by PT of the rebound phenomenon. Similar results were obtained in a second experiment (not shown).
There is another way to reduce melatonin output in addition to exposing the cells to L or NE: reducing calcium influx via voltage-sensitive calcium channels (Harrison and Zatz, 1989) . It is thought that the high potassium concentration (15 mM) routinely used in these FIGURE 3. Cycles of L or NE maintain the melatonin rhythm. Cells were maintained in LR 12:12 through cycle 5. The control group was switched to RR. The second group was maintained in LR 12:12. The third group was exposed to a 12:12 cycle of medium containing 3 x 10-g M NE, and control medium, in RR. The fourth group was exposed to a 12:12 cycle of NE in L, and control medium in R. Data are means of four wells, shown at time of collection. SEMs (not shown) were 2-8% of means. Blanks (not subtracted) were 0.9 ± 0.04 (n = 12), and ['4C]tryptophan was 0.38 p.Ci/ ml. experiments raises melatonin output via depolarization-induced enhancement of calcium influx. Lowering the potassium concentration in the medium to 5 mM lowers melatonin output (Zatz et al., 1988) . Adding organic calcium channel blockers, such as NTR, is also effective. The top half of Table 2 shows the results of an experiment (Experiment 1) designed to determine whether lowering daytime melatonin with &dquo;low K+&dquo; or NTR would also enhance melatonin output during the night. It did not. Lowering the potassium concentration reduced melatonin output about as much as did L, but there was no rebound. The concentration of NTR used (10-~ M) was chosen to give inhibition similar to that seen with L, but was more effective. There was no rebound; indeed, there appeared to be persistent inhibition. Similar results were obtained in another experiment (not shown). Previous results showed good, but delayed, recovery after 4 hr exposure to this concentration of NTR (Zatz and Mullen, 1988d) . In another experiment (not shown), 0.1 mnt CoCl2 inhibited daytime melatonin output less than did L, but subsequent nocturnal melatonin output was reduced below that of controls, as was output the next day, suggesting a cumulative (over 12 hr), persistent toxic effect.
Of these experiments, therefore, it appears that only the effect of lowering K+, which should be rapidly reversible, can be used to suggest that reduction of calcium influx is not sufficient to induce the rebound effect. Note. Cells were maintained under LR 12:12 through cycle 5. Groups differed in conditions during the &dquo;day&dquo; in cycle 6, as indicated. Groups 4-6 were exposed to PT during both the &dquo;night&dquo; of cycle 5 and &dquo;day&dquo; of cycle 6 at a concentration of 0.15 5 pLg/ml. Groups 3 and 6 were exposed to NE (3 x 10-g M) during the &dquo;day&dquo; of cycle 6 only, in R. Data are means ±SEM from groups of four wells. Same RR control as in Figure 3 .
If a decrease in daytime melatonin output (by any means) induced a compensatory nocturnal rebound, then it might be possible to block the effect by the addition of nonradioactive melatonin during the day. Exogenous melatonin can influence circadian rhythms (Cassone, 1991) . Addition of 10-7 M melatonin did not, however, affect the rebound induced by L (Table 2, Experiment 2). In other experiments (not shown), attempts were made to block the rebound effect of L by addition of low concentrations of forskolin (just sufficient to block the acute effect of L), but nocturnal output was enhanced, suggesting persistence of the drug's effect and making the result inconclusive. (Mel) Note. Cells were maintained under LR 12:12 through cycle 5. Groups differed in conditions during the &dquo;day&dquo; in cycle 6, as indicated. &dquo;Low K+&dquo; refers to medium containing 5 mM KCI instead of 15 mtvt. NTR and Mel were used at 1O-7M. Groups I and 2 (Experiment 2) are the same as in Table 1 .
DISCUSSION
Damping of the melatonin rhythm was prevented ( Figs. 1 and 3) by daytime administration of NE, which does not entrain the pacemaker (Fig. 2) , as effectively as it was by daytime exposure to L. PT, which does not block the entraining effect of L, did block the nocturnal rebound after daytime L (Table 1 ). These results indicate that the mechanisms by which lighting cycles prevent damping are more closely related to those involved in the acute effect of L than to those involved in its entraining effect on the melatonin rhythm. The rapid damping seen upon switching to RR or constant darkness, therefore, is largely (though not necessarily entirely) due to the loss of the &dquo;rebound&dquo; elicited daily by L (and/or NE), rather than to desynchronization of the population of oscillators present in each well.
The acute effects of L and of NE appear to converge on the regulation of cyclic AMP (Fig. 4 ). Possible sites of convergence have been discussed previously (Zatz and Mullen, 1988a) . Each lowers cyclic AMP levels, thereby inhibiting melatonin production (Deguchi, 1979b; Takahashi and Zatz, 1982b) . Cyclic AMP and some of its regulatory mechanisms are (like the acute and rebound effects discussed here) distal to the pacemaker itself. Manipulation of cyclic AMP levels strongly affects melatonin output, but not pacemaker function (Zatz and Mullen, 1988c) . The rebound effect appears to be a consequence of the specific mechanisms common to acute inhibition by L and NE, rather than a consequence of reducing melatonin production per se (Table 2 ).
There must also be a convergence of the mechanisms common to the acute effects of L and NE with the output of the pacemaker. The rebound effect is an enhancement of the nocturnal rise in melatonin synthesis induced by the pacemaker, an increase in &dquo;sensitivity&dquo; to the pacemaker's nocturnal output. Coupling of the pacemaker to the overt rhythm of melatonin is thus regulated by L and NE. Damping here would appear to derive largely from &dquo;uncoupling&dquo; of the pacemaker from the overt rhythmic function. The fate of the pacemaker itself during damping in this system thereby becomes moot.
Since the regulation of cyclic AMP levels is critical to the regulation of melatonin production, it is thought that the pacemaker may also be involved in the regulation of cyclic AMP. Indeed, its output may be coupled to melatonin synthesis by changing cyclic AMP levels (Deguchi, 1979b) . The site of coupling between the pacemaker and cyclic AMP regulation, has, however, not yet been determined. In the absence of a demonstrated link between the pacemaker and cyclic AMP regulation, therefore, the scheme (Fig. 4) indicating pacemaker coupling to melatonin production directly via cyclic AMP remains hypothetical. It posits that the pacemaker causes a nocturnal increase in cyclic AMP levels, and that this increase is enhanced by daytime exposure of the cells to L or NE.
The rebound phenomenon described here is a form of temporal, history-dependent regulation, reminiscent of &dquo;sensitivity&dquo; regulation in nonoscillating systems. Desensitization of receptor-mediated inhibition of adenylyl cyclase results in an enhanced response to subsequent stimulation (Heisler et al., 1985; Jones et al., 1987) . Here, the rebound phenomenon is distal to the mechanisms generating rhythmicity. Yet it has an important role in the melatonin rhythm, since the pacemaker in chick pineal cells is not sufficient to maintain rhythmicity. Inhibition and rebound maintain amplitude and prevent damping. Perhaps this phenomenon should be referred to as the &dquo;unmasking&dquo; effect of L in contrast to the well-known &dquo;masking&dquo; effect of L (Aschoff, 1981) . A similar mechanism appears to be operant in vivo, where the melatonin rhythm also damps rapidly in the absence of photic and/or adrenergic input to the gland (Cassone and Menaker, 1983) . Cyclic NE and L act synergistically to maintain the rhythm of melatonin production in the chick pineal.
